Introduction

31
A recently discovered oil field with a gas cap in the Norwegian offshore sector is currently in the 32 development planning phase. Four exploration/appraisal wells have been drilled in the field, but no 33 production data exists at this stage of the field lifecycle. Key uncertainties that impact recoverable volumes 34 and production behaviour range from reservoir distribution (i.e. sedimentologically-controlled 35 compartmentalization), reservoir properties, fault architecture and fault rock properties. In terms of the 36 latter, the field is compartmentalized by numerous faults at the seismic scale, but also contains numerous 37 sub-seismic scale faults. An understanding of the fault properties and their influence on the field production 38 and recoverable volumes is essential for assessing the fields economics, planning a production strategy and 39 also influences the design of the facilities. In this paper we focus on the impact of structural pattern and 40 fault rock properties on the subsurface fluid flow and hence the production.
41
Workflows exist for the quantitative assessment of the impact of faults on fluid flow in petroleum 42 reservoirs and can be implemented using a range of software tools that are commonly available (see review   43 by . In general, the workflow begins by undertaking a structural analysis using 44 seismic data. Faults identified from seismic are then incorporated into the geological model. The clay 45 distribution along the faults is then estimated using well established algorithms. In siliciclastic reservoirs, 46 the main fault seal processes are: (i) cataclasis; (ii) mixing of clays with framework grains, (iii) clay smear, 47 and (iv) post-deformation diagenesis such as quartz cementation and grain-contact quartz dissolution 48 (Fisher and Knipe, 1998; 2001) . The presence of clay is important for two of these mechanisms which often 49 results in correlations between fault permeability and clay content; these correlations may then be used to 50 calculate transmissibility multipliers (TM) that are incorporated into simulation models to take into account 51 the impact of faults on fluid flow. Fault rock permeability data can be obtained from global datasets. 
55
The study reported in this paper follows the general workflow described above. A key difference, however, 56 is that many fault compartmentalization studies use fault rock property data that was collected under 57 inappropriate laboratory conditions. For example, many studies use fault rock permeability data collected 58 at ambient confining pressures using brine compositions that are not compatible with the formation despite 59 a wealth of evidence to suggest that the permeability of tight rocks is very sensitive to the stress conditions 60 (e.g. Thomas and Ward, 1972 ) and the brine chemistry (e.g. Lever and Dawe, 1987) . The current study 61 differs in that fault rock permeability measurements were made at high stresses using formation compatible 
79
The field is compartmentalized by numerous seismic scale, mainly NW-SE and NE-SW striking, normal 80 faults (Fig. 1a) . East-West striking faults are present, but to a minor amount. The maximum fault throw 81 observed is around 60m with a mean around the seismic resolution of 25m. The main reservoir is self-82 juxtaposed throughout the field (Fig. 1b) , implying that the properties of the fault rocks need to be 83 considered to predict the impact of faults on fluid flow during production. It is important to note that no 84 evidence of a static fault seal over geological time exists within the main part of the field. The wells drilled 85 in the main part of the field, e.g. well A, B, D, have pressures on a common gradient, which is consistent 86 with communication through the hydrocarbon phase. However, this cannot be taken as evidence that the 87 faults will not impact flow on a production time-scale. The hydrocarbon water contact has been drilled in 88 well B, whereas the wells A and D have an oil-and gas-down-to.
89
Deposition of the reservoir happened syntectonically and the turbidites were deposited in half grabens (Figs 90 2, 3). Faulting started in the Late Triassic and continued throughout the Early and Middle Jurassic, with the 91 main rifting in the Late Jurassic. In general, the tectonic activity ceased in the Latest Jurassic, but some 92 faults are active in the Early Cretaceous (Fig. 2) . Structural restoration indicates that the faulting that 93 affected the reservoir occurred at relatively shallow depths (<1000m).
94
The main fault network only represents faults that could be mapped over a larger distance and continuously 95 on seismic sections. It shall be pointed out that the seismic quality, even after reprocessing is only fair to 96 poor in the field area, which adds uncertainties to the fault interpretation. The intensity of seismic scale borehole image analysis data (Fig. 5a ) suggest a denser fault network (well A = 2 faults/km 2 , well B = 10 100 faults/km 2 ), which is not represented by a visible offset of horizons at the current seismic resolution. Well
101
A drilled right through one of the faults identified on seismic attribute analysis (Fig. 4) 
111
The complete reservoir section has been cored in the wells A and B and the samples analysed in this study 112 were taken entirely from these two cores. Two fault zones with unknown offsets are visible in well A (Fig. show partial clay smear, or at least a clay-rich fault rock (Fig. 7b, c) . It is, however, apparent from the 124 sampled faults that clay smears are often discontinuous. It is occasionally observed that the fault dip flattens 125 in the more shale-rich lithologies at the seismic scale (Fig. 3) . The same phenomena, caused by 126 geomechanical heterogeneities, is also observed at a small scale in the cored faults, where the dip of the 127 fault surface becomes less steep in the more clay-rich layers (Fig. 8a) . Deformation bands are commonly 128 observed features and the fact that no grain fracturing has occurred during faulting indicates that they were 129 formed during shallow burial (Fig. 8b, c) .
130
A bias exists for the fault rock samples. 
150
 Cubes of fault rock and host sandstone, around 1 to 1.5 cm 3 , were cut for permeability analysis.
151
The sample containing the fault rock were cut and set in dental putty in an orientation that meant 152 that fluid had to flow through the fault rock during permeability analysis. 
172
Permeability analysis
173
Permeability measurements were made using two methods. One set of measurements were made at ambient 174 stress using distilled water as the permeant so the results could be compared to those from previous studies 175 of the permeability of fault rocks (e.g. Fisher & Knipe, 1998; 2001) . In these cases, the cleaned cubes were 176 set in dental putty so that they could be confined at 70 psi confining pressure in a steady-state water 177
permeameter. The samples were saturated with distilled water, placed in the permeameter before using 178 syringe pumps to establish steady-state flow. The permeability was calculated using Darcy's law based on 179 the flow rate, sample length and area, the upstream and downstream pressure differential and the viscosity 180 of the water. The samples containing fault rock also contained undeformed sandstone so the fault 181 permeability was deconvolved from the measurements assuming that the permeability measured was the 182 thickness weighted harmonic average of the fault rock and the host sediment.
183
The second set of measurements were made on core plugs at higher stresses using formation compatible 184 brine. Coreholders were specially constructed for the sample analysis as we could only obtain 16 and 20 185 mm diameter core plugs, which are far narrower than the 25.4 and 38.1 diameter cores normally analysed.
186
The core plugs were trimmed so that the ends were flat and orientated perfectly perpendicular to the axis 
237
The ratio of the host rock and the fault rock absolute permeabilities is an important parameter that describes 238 the retardation of fluid flow by faults (Yaxley, 1987) . and the permeability reduction (Fig. 11) although dataset from the field itself is rather limited.
252
The brine permeability of all fault rocks showed a clear stress dependency (Fig. 9 and Fig. 10 
272
An important observation made during this work, incorporating a larger fault rock data set from different 273 unpublished sources is that the effects of applying reservoir stress versus ambient stress and using brine 274 versus deionized water cancel each other almost out and almost a 1:1 relationship seem to exist (Fig. 14) .
275
This implies that previously published fault rock property data (Fisher & Knipe, 1998 
280
It has been pointed out earlier that a sample bias exists, as some faults, particularly the ones with a higher 281 clay content fault rock or with clay smear, could not be sampled, as the samples tend to break apart along 282 the faults. So the sampled fault rocks mainly resemble the low to medium clay content fraction with some 283 that show properties of phyllosilicate-framework fault rocks (Fig. 15) . A relationship between the fault rock 284 type and the fault rock permeability exists, despite the fact that differences in permeabilities of up to two 285 orders of magnitude exist for a similar fault rock clay content are measured (Fig. 15 ). This observation is given by a uniform average of the clay contents of the wall rocks that moved past this point (Yielding 2002 ).
297
In contrast, the ESGR applies an additional weighting function to the averaging, which assumes that clays 
302
Variations in fault throw can have a significant effect on the fault rock properties and reservoir/reservoir 303 juxtaposition patterns in the field. Therefore an uncertainty on the throw of 20% has been incorporated.
304
The majority of the reservoir-scale faults fall into the PFFR domain, followed by clay smears and 305 disaggregation zones/(proto)cataclastic fault rocks (Fig. 17) . No significant difference in the distribution is 306 apparent between the fault rock Vclay content when calculated using either SGR (Yielding, 2002) or ESGR 307 (Freeman et al., 2010) , with a weighting factor of 1.5, as a fault rock Vclay prediction algorithm. A more 308 detailed analysis of the Vclay distribution on the fault plane reveals that the ESGR algorithm predicts a 309 more discrete distribution of Vclay, compared to the SGR algorithm (Fig. 17) . The aim was to verify the 310 influence of the application of the two different algorithms on the final dynamic simulation results.
311
The fault rock property data acquired during this study are limited in terms of their statistical value as only 312 around 15 samples of small offset faults (<1 cm throw) were analysed and they do not represent the range 313 of reservoir scale fault rocks (see Fig. 16 ). To have a statistically valid dataset the field data were combined 314 with data from an in-house database, obtained from the same province, same stratigraphic interval and 315 similar burial depth (Fig. 18) the porosity and permeability of the sand end-member as well as the permeability of the shale end-member.
324
The porosity of the host-rock sand is controlled by grain sorting. These factors might explain the scatter of 325 the points in the Vclay versus permeability plot (Fig. 18) . The objective was to represent the ranges between Table 1 . A good fit to the data for the three functions becomes apparent (Fig. 19a) . The field by the field data (Fig. 19b) .
347
The final input parameter into the reservoir simulator are TMs that are applied to the faces of grid blocks 348 on either side of the fault plane to take into account the impact of faults on fluid flow. 
382
In addition to the seismic faults numerous small-scale faults, without a visible offset in seismic exist. These 383 faults can be observed as lineaments on seismic attribute maps (Fig. 4) . It has been considered to be 
399
A summary of the cases that were incorporated into the dynamic simulation is given in Figure 21 .
401
Simulation modelling results
402
The scenarios discussed above were, together with other geological variables, incorporated into a fully 
409
In Figure 22 the impact of the several calculated scenarios on the recoverable volumes is highlighted. In 410 case a TM = 1 is applied, the recoverable volumes are as if there were no faults present, e.g. normalized to (Fig. 22) . Slightly tighter faults are predicted when the ESGR is used as a mixing algorithm. The 
427
The impact of the faults on the recovery efficiency and cumulative production were assessed in the 
433
This is a very important result as it clearly demonstrates the value of a detailed fault analysis compared to 434 just using single global values.
435
For the cumulative production the fault properties are an important, but not the most influential parameter.
436
Again, using a fault specific TM grid, based on the above described fault analysis workflow, compared to 437 applying a range of single TM reduces the uncertainty by 50%.
439
Discussion
440
The seismic interpretation, which is a key element that provides the basis for a quality fault analysis and 441 the translation of the interpretation into the static geomodel, has not been discussed in detail in this paper.
442
The seismic data quality across the field is only fair, which implies that that the fault and horizon picking 443 is associated with uncertainties; the same is also true for the velocity model. 
475
It has been pointed out already that the work described in this paper lacks the calibration of the fault 476 analysis results by history matching data or even long term well tests. Once the field is under 477 development and production data exist, the exercise will have to be repeated and it is expected that the 478 uncertainties can be significantly reduced. In any case, the current study provides a good basis for future with formation compatible brine versus data measured at ambient stress and deionized water as 630 reservoir fluid. These fault rocks are similar to those analysed during the current study. The 631 observation that the regression (blue) is almost the same as the1:1 relationship (red) between the 632 two measurement techniques suggests that it is reasonably safe to use the data collected at low 633 stress with distilled water as an analogue for measurements conducted at in situ stresses using 634 formation compatible brine. 635 
